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To exploit theoretical advances in elastic wave inverse scattering, 
an automated multiviewing ultrasonic transducer system and associated 
signal processing algorithms have recently been developed for the charac-
terization of flaws in solids. The reliability of the model-based recon-
struction method depends on the extent of the flaw surface illuminated 
by the interrogating ultrasonic field within a finite viewing aperture 
and is therefore sensitive to the orientation of the flaw. In this paper, 
the reconstruction of arbitrarily oriented flaws using the multiviewing 
system is addressed. The effects of aperture size on the reconstruction 
reliability is investigated by computer simulation and experimental results 
are presented for the reconstruction of tilted oblate and prolate spheroid-
like flaws. The multiviewing capability of the system is used to predeter-
mine a spatial data acquisition pattern which improves the reconstruction 
reliability by increasing the signal-to-noise ratio and the surface area 
of the flaw illuminated by the multiviewing transducer. 
INTRODUCTION 
An automated multiviewing ultrasonic transducer system, developed 
at the Ames Laboratory, has been in use for several years in the recon-
struction of the size, shape, and orientation of volumetric flaws [~]. 
The multiprobe system and the associated signal processing algorithms 
were developed to take advantage of the theoretical developments in elastic 
wave inverse scattering in the long and intermediate wavelength regime. 
The multiprobe system consists of a sparse array of seven transducers, 
depicted schematically in Fig. 1, and can be used to focus onto a target 
flaw. Each of the six perimeter transducers may be independently moved 
along its axis to allow an equalization of the propagation time for any 
pitch-catch or pulse-echo combinations. The flaw reconstruction algorithm 
normally makes use of 13 or 19 backscatter waveforms acquired in a conical 
pattern with the axis of the aperture cone perpendicular to the part 
surface. 
As part of an overall decision tree for flaw characterization of 
both cracks and volumetric flaws, four bas~c steps have been implemented 
for the model-based reconstruction of volumetric flaws. Step one involves 
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Fig. 1. The mu 1 t i viewing transducer concept. 
the experimental setup, the location and focussing on a t arget flaw, and 
the acquisition, in a pre-determined pattern, of pitch-catch and pulse-echo 
backscatter waveforms. Step two employs a measurement model [2] to correct 
the backscatte r wave forms for the effects of attenuation, di ffraction, 
interface losses , and transducer c haracte rist ic s , thus re s ul tin g in absolute 
s ca t t er ing amplitudes. Step t hr ee employs a one-dimensional inverse Born 
approximation [3] to ex t rac t a t a ngent plane to c ent roid radius estimate 
for each of the scattering amplitudes. In step four, the radius estimates 
and their corresponding look angles are used in a regression analysis 
program to determine the six ellipsoidal parameters, three semi-axes and 
three Euler a n g les, defining an e llipso id which best fits the date [4 ] . 
The model-based reconstruct i on method has been previously applied 
to voids and inclusion flaws in solids [ 4,5 ]. Since t he least-squares 
regre ss ion analysi s l eading to the "bes t f it" e llipso id is based on the 
tangent plane to centroid distances for the interrogation directions confined 
within a finite aperture, the success of the r econstruction depends on 
the extent of the flaw surface "illuminated" by the various viewing direc -
tions. The extent of coverage of t he flaw surface by the tangent planes 
is a function of the aperture size , the flaw shape a nd the flaw orientation. 
For example, a prolate spheroidal f l aw wi th a l arge aspect r at io oriented 
along the a xis of the aperture cone will only have on e tip i llumi n ated 
(i.e., covered by t he t a ngent pla nes ) a nd afford a low r econstruction 
reliability. For the s ame reason, the orientation of the flaw a lso has 
a strong effect on the reconstruction accuracy . Figure 2 shows the diffe -
rence in the surface cove r age of a tilted flaw a nd an untilted flaw sub-
jected to the same insonification aper ture . Both t h e exper ime ntal and 
the simulation studies of the aperture effect r e ported before were con-
ducted for oblate and prolate sphe roids or i ented essen tia lly symmetrica lly 
with r espect to the part surface [4, 5 ]. From a f l aw reconstruct ion stand-
point, a n ob l a t e sphe r o id wit h its axi s of rotational symmetry perpe ndicular 
to the part surface represents a high l everage situation. Likewise, a 
prolate spheroid with its symmetry axis paral l e l t o the part sur face also 
af f ords a n easier reconstruction than a tilted prolate spheroid . I n this 
work, we study t he effects of flaw or i e n tat i on on t he reconstruction 
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Fig. 2. Comparison of the "illuminated" surface areas of a tilted flaw 
and an untilted flaw under the same aperture. The surface area 
covered by the tangent planes (indicated by darker line) is 
much less for the tilted flaw. 
and present a new data acquisition approach that will improve the reli-
ability of the reconstruction of arbitrarily oriented flaws. 
EFFECTS OF FLAW ORIENTATION 
The orientation of a flaw may affect the reconstruction result in 
the following ways: (i) A change in flaw orientation will change the 
insonified surface area for a given aperture and hence change the "leverage" 
for the reconstruction; (ii) The signal-to-noise ratio of the backscat-
tered waveform depends on the flaw orientation; and (iii) Interference 
effects such as that due to tip diffraction phenomena or flash points 
[6] may be present at certain orientations. 
To assess the effects of aperture size on flaws of different orienta-
tion, computer simulations were performed for an oblate spheroid with 
semiaxes of 400, 400, and 200~m that is tilted and untilted with respect 
to the part surface. For each of the 13 scattering directions, the exact 
radius estimates Re (i.e., the tangent plane to centroid distances) were 
first computed and a random error is then introduced to simulate the experi-
mental situation. The radius estimate used was then taken to be: 
(1) 
where n is a randomly generated number between -0.1 and 0.1. Using the 
Re' values for the various directions, a best fit ellipsoid is determined 
using a regression program. This process is repeated 100 times for each 
aperture angle and the combined standard deviation of the three semi-axes 
is expressed as a percentage of the expected values. The simulation was 
performed for the untilted case with the 400 x 400~m plane parallel to 
the part surface and for a tilt angle of 40° from the normal of the part 
surface. The results are summarized in Table I. 
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Table I. 
Aperture 
half angle 
20° 
30 
40 
50 
60 
70 
80 
Reconstruction error for a tilted flaw and an untilted flaw. 
Standard deviation as a percentage of the 
expected semi-axes value for the 2:1 oblate 
spheroid 
Tilt = 0° 
11.6 
6.9 
4.5 
4.3 
4.1 
4.1 
4.1 
Tilt = 40° 
39 
18.2 
10.9 
7.6 
5.8 
4.6 
4.0 
The mean values for the ellipsoidal semi-axes converge to the expected 
values, while the standard deviations converge to some asymptotic minimum. 
The figures in Table I show that the standard deviation as a percentage 
of expected value (an indication of the reconstruction error) is much 
higher for the oblate spheroid tilted at 40° with respect to the horizontal 
than is the 0° untilted case when the aperture is small. As the aperture 
increases the difference in reconstruction error goes to zero, since surface 
illumination is sufficient to ensure reliable reconstruction. Because 
of the combined effect of restricted aperture and flaw orientation, a 
large aperture is desirable to increase the reliability of good reconstruc-
tion results. 
It should be noted that, in this simulation, only the aperture angle 
is increased and the number of data points remains unchanged. The number 
of look directions is kept the same because the multiviewing system is 
intended for acquiring a sparse array of data based on a speed consideration. 
For an arbitrarily oriented flaw, the amplitude of the flaw signal, 
and hence the signal-to-noise ratio, depends on the interrogation direction. 
To investigate the correlation between the accuracy of flaw sizing and 
the signal-to-noise ratio of the flaw waveform at different scattering 
directions, a 400 x 400 x 200~m oblate spheroidal void in titanium with 
its axis of rotational symmetry tilted at a 30° angle from the normal 
to the part surface was reconstructed using the multiviewing transducer 
system. It was found that the sizing results were generally more accurate 
for the scattering directions with a higher signal-to-noise ratio. Further-
more, the directions that gave the poorest signal-to-noise ratios were 
the ones closest to being in an edge-on perspective. Figure 3 shows the 
relationship between the percentage error of the radius estimate and the 
signal-to-noise ratio of the flaw waveform. Reconstruction results of 
the oblate spheroid void tilted at 30° are listed in Table II. The recon-
struction results of both the semi-axes length and the tilt angle were 
improved by rejecting four data points with the lowest signal-to-noise 
ratio. Since the multiviewing transducer system provides a maximum of 
19 independent look angles for a given tilt angle of the transducers, 
rejecting a small subset of the data points based on signal-to-noise con-
sideration still leaves a sufficient number of data points for the ellip-
soidal regression step which requires a minimum of six data points. 
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Fig. 3. Correlation between S/N ratio of the flaw signal and the percent 
error of radius estimates. 
Table II. Reconstruction results for a 2:1 oblate spheroid in titanium 
with a 30° tilt using an aperture of 52° half angle. 
A 
Ellipsoid Ax 
Semi-axis Ay 
z 
9 
Euler ~ 
Angles lJ! 
Obtained from 
full set of 13 
backscatter 
waveforms 
456lJm 
351 
177 
-51° 
79 
9 
Obtained from 
best 9 back-
scatter wave-
forms based on 
S/N ratio 
400lJm 
380 
184 
-36° 
73 
28 
Expected 
values 
400l!m 
400 
200 
30° 
-90 
0 
Note: When comparing the flaw orientation in terms of Euler angles, the 
entire set of angles should be used [7]. The flaw orientations 
in the last two columns are in fact quite close to being equivalent. 
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RECONSTRUCTION RELIABILITY IMPROVEMENT FOR ARBITRARILY ORIENTED FLAWS 
From the investigation described above, it is clear that the reliable 
reconstruction of an arbitrarily oriented flaw generally requires a large 
aperture. However, a large viewing aperture placed symmetrically with 
respect to the part surface may still contain scattering directions hampered 
by weak flaw signal amplitude (poor signal-to-noise ratio) and, in certain 
cases, flash point interference. To improve the reconstruction reliability, 
it would be desirable to use a predetermined data acquisition pattern 
that is relatively free from such disadvantages. In this work we have 
developed a method to predetermine a spatial pattern for data acquisition. 
This pattern affords a high leverage for reliable reconstruction for arbi-
trarily oriented flaws that can be approximated by the shape of a spheroid. 
To verify the method experimentally, reconstructions were performed on 
two test specimens. A short section of copper wire 80~m in radius and 
approximately 200~m long (see Fig. 4) was embedded in thermoplastic as 
an approximate prolate spheroid with a 2.5:1 aspect ratio. The axis of 
the wire section was at a 45° angle relative to the part surface. The 
second specimen was a titanium disk containing a 400 x 200~m oblate spher-
oidal void tilted at a 30° angle, as described above. 
Consider a tilted prolate spheroid as shown in Fig. 5. We may define 
a vertical sagittal plane (VSP) as the plane that bisects the flaw and 
contains the z axis. We further define a perpendicular sagittal plane 
(PSP) as the plane bisecting the spheroid and perpendicular to the VSP. 
The intersection of the VSP and PSP (direction M in Fig. 5) then corres-
ponds to a direction of maximum flaw signal amplitude. The orientation 
of the VSP can be located by a series of azimuthal scans at different 
polar angles. A maximum should be observed in the signal amplitude at 
the azimuthal angle of the VSP. This definition of the VSP and PSP and 
their relationship to the backscattered flaw signal amplitude also hold 
true for an oblate spheroid. Figure 6 shows the azimuthal scans at four 
s 
z' 
y' 
x' 
Fig. 4. Micrograph of the copper wire segment imbedded in thermoplastic. 
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The laboratory coordinates x'y'z' are fixed relative to the sample. 
The scale shown has each minor division equal to lO~m. The wire 
~gment is an approximate prolate spheroid with semiaxes Ax=Ay= 
BO~m and Az ~ 200~m. 
' z' 
I )Laboratory • y' Coordtno es 
x' ' 
~--------~----------~ 
Fig. 5. Definition of the vertical sagittal plane (VSP) and the perpendi· 
cular sagittal plane (PSP). VSP bisects the flaw and contains 
the normal of the part surface z', PSP bisects the flaw and is 
perpendicular to VSP. Direction M is the intersection of VSP 
a nd PSP and corresponds to the direct ion of the maximum backseat· 
tered signal ampli tude . 
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Fig. 6. Flaw signa l amplitude as a func tion of a zimuthal ang le for the 
pro l ate spheroid flaw (wire segment) . 
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different polar angles for the 2.5:1 prolate spheroid (wire segment) flaw. 
Once the azimuthal angle of the VSP is determined (30° in this case), 
a poalr scan (see Fig. 7) at the azimuthal angle of the VSP determines 
the tilt angle of the wire segment to be 41° , as compared to 45° from 
optical measurement. 
The angular scans serve two very useful functions. First they provide 
some information about the shape and the orientation of the flaw . For 
example, one can distinguish a prolate spheroid from an oblate spheroid 
by a scan in the perpendicular sagittal plane (this requires changing 
the polar angle and the azimuthal angle simultaneously ). A scan in the 
PSP of the 2:1 oblate spheroid tilted at 30° showed a peak in flaw signal 
amplitude at the intersection of the VSP and the PSP (direction M in Fig. 
5) whereas a scan in the PSP of the tilted 2 . 5:1 prolate spheroid showed 
a constant flaw signal amplitude. Second, it provides a basis for pre-
determining a spatial data acquisition pattern tha t is equiva lent to a 
tilted aperture cone centered at direction M. This da t a acquisition pattern 
not only ensures good signal-to-noise ratio, avoids possible flash point 
interference due to end-on or edge-on perspectives, and provides a maximum 
illuminated area on the flaw surface, but also allows one to reconstruct 
the flaw with two mutually orthogonal elliptical cross-sections in the 
VSP and the PSP. 
So far the discus sion o f angular scans has been con f ined to flaws 
that are approximately spheroidal in shape . For a general e llipsoid with 
three unequal semi-axes and oriented arbitrarily in space, the angular 
scan results will be more complicated; for example, an azimuthal scan 
at different polar angles is not expected to show a peak at the same azimu-
thal angle. Shape and orientation information, in principle, can still 
be extracted from such data and further i nvestigations a re unde rway for 
the general case . 
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RECONSTRUCTION RESULTS 
The flaw·reconstruction procedure using the multiviewing system was 
first carried out for the 2.5:1 prolate inclusion (short segment of copper 
wire) at a 45° angle with the aperture cone normal to the part surface. 
Two difficulties prevented a good reconstruction, in fact, there were 
enough inconsistencies in the tangent plane estimates that the regres-
sion program failed to converge. The first difficulty was a strong inter-
ference in look directions close to the end-on perspective of the wire 
segment, resulting in deep notches superimposed on the frequency spectra 
of the scattering amplitude. This phenomenon is attributed to flash points; 
the interference frequency, indeed, gives the correct flaw dimension when 
the data are analyzed based on the flash point assumption. The second 
difficulty was the poor signal-to-noise ratios of the flaw waveforms observed 
in scattering directions close to the end-on perspectives. 
Based on the orientations of the sagittal planes determined in the 
angular scans, a new data acquisition pattern equivalent to tilting the 
aperture axis to the direction of maximum signal strength was used. The 
ellipsoidal reconstruction gave a tilt angle of 42° and the three semi-axes 
as 257~m, 87~m, and 8l~m, as compared to the actual tilt angle of 45° 
and the actual semi-axes of ~200~m, 80~m, and 80~m. 
After identifying the vertical sagittal plane and the perpendicular 
sagittal plane, a series of tangent plane distance estimates were made 
for scattering directions confined in these two planes. Using these results, 
the two mutually orthogonal elliptical cross-sections in the VSP and PSP 
were reconstructed using a similar regression program in 2-D. The two 
reconstructed ellipses were 266~m x 83~m and 80~m x 75~m, respectively, 
and the tilt angle was found to be 51°. Table III shows the results of 
the 3-D reconstruction using 19 look perspectives and the 2-D reconstruc-
tion of the ellipses in the VSP and the PSP. Both reconstructions compared 
very favorably with the expected values. The greatest discrepancy is 
in the value of the semi-axis Ax; this is to be expected because the wire 
segment is essentially a prolate spheroid with two ends truncated, see 
Fig. 8. 
Table III. Copper wire inclusion as prolate spheroid. 
A 
Ellipsoid Ax 
Semi-axis Ay 
z 
9 
Euler ~ 
angles w 
3-D Reconstruction 2-D Reconstruction 
257~m 266~m 
87 80,83 
81 75 
42deg 5ldeg 
103 
74 
Expected 
Values 
200~m 
80 
80 
45deg 
The 2:1 oblate spheroidal void tilted at a 30° angle in a titanium 
disk was investigated again following the procedure of predetermining 
a favorable data acquisition pattern based on angular scan results. Table 
IV shows the reconstruction results using the new data acquisition pattern 
equivalent to an aperture cone centered on the direction of maximum back-
scatter signal. As a comparison, the reconstruction results using an 
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Table IV. Reconstruction results for a 2:1 oblate spheroid in titanium 
with a 30° tilt using an aperture at 52° oriented such that 
the aperture cone was centered about the direction of maximum 
backscatter signal. 
Aperture Cone Normal Aperture Cone Normal Expected 
to Part Surface to Direction of Values 
(based on 9 look Maximum Backscatter 
directions) Signal 
A 400\lm 394J.lm 400J.lm 
Ellipsoid Ax 380 419 400 
Semi-axis Ay 184 191 200 
z 
8 -36° 31° 30° 
Euler ¢J 73 -89 -90 
angles w 28 3 0 
aperture cone normal to the part surface (described earlier) are also 
shown. As can be seen, the improvement of the reconstruction by using 
the new data acquisition pattern is not as dramatic as the prolate inclusion 
case. This is consistent with the fact that the oblate spheroid has a 
smaller aspect ratio and a smaller tilt angle and is therefore not nearly 
a "low leverage" flaw to reconstruct using the normal (untilted) data 
acquisition pattern. 
X 
z' 
y' 
x' 
Fig. 8. Comparison of the flaw size and orientation (solid line) and 
the reconstruction results (dotted line) for the wire segment 
inclusion. The reconstruction is based on data acquired using 
an aperture centered at azimuthal angle = 30° and polar angle 
(in solid)= 42°. 
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CONCLUSIONS 
We have studied the reliability problem of reconstructing arbitrarily 
oriented flaws using the multiviewing transducer system and the associated 
model-based algorithm. An arbitrarily oriented flaw may afford a low 
leverage for reconstructing the entire flaw based on the limited surface 
area covered by the tangent planes in a finite aperture and therefore 
requires a greater aperture for a reliable reconstruction. However, the 
aperture size has practical limits in a single-side access inspection 
situation and a larger aperture does not necessarily alleviate such diffi-
culties as poor signal-to-noise ratio and flash point interference associ-
ated with certain interrogation directions. In our study of reconstructing 
approximately spheroidal flaws oriented at some arbitrary angle, it was 
found beneficial to predetermine a spatial data acquisition pattern based 
on the angular dependence of the flaw signal amplitude. The new data 
acquisition pattern is equivalent to tilting the interrogation aperture 
cone to compensate for the particular orientation of the flaw and restore 
the leverage for a more reliable reconstruction. This method worked well 
on two test cases. As a next step, the reconstruction reliability of 
an arbitrarily oriented ellipsoidal flaw with three unequal semi-axes 
will be investigated. 
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